Background. Rifampin (RIF) upregulates CYP 450 isoenzymes, potentially lowering efavirenz (EFV) exposure. The US EFV package insert recommends an EFV dose increase for patients on RIF weighing ≥50 kg. We conducted a pharmacokinetic study to evaluate EFV trough concentrations (C min ) and human immunodeficiency virus (HIV) virologic suppression in patients on EFV (600 mg) and RIF-based tuberculosis treatment in the multicenter randomized trial (ACTG A5221).
(RIF), which induces cytochrome (CYP) P450 enzymes. Efavirenz (EFV) is recommended as a component of first-line ART in HIV/tuberculosis coinfection [4] and is metabolized primarily through hepatic cytochrome P450 CYP2B6. EFV pharmacokinetic exposure is significantly increased by several genetic polymorphisms in CYP2B6 [5] [6] [7] [8] [9] . Slow-metabolizing CYP2B6 alleles are present in all populations at varying frequencies, with 516G→T (rs3745274) most frequent with African or Asian ancestry, 983T→C (rs28399499) most frequent with African ancestry, and 15582C→T (rs4803419) most frequent with Asian or European ancestry [6, [10] [11] [12] . In addition, patients taking multidrug therapy for tuberculosis also receive isoniazid, an inhibitor of CYP2A6 and other isoenzymes [13] , potentially impacting EFV concentrations as well as rifampin. CYP2A6 is an alternative pathway for EFV elimination that may be of particular importance in patients with slow EFV metabolizer phenotypes [14, 15] .
The appropriate EFV dose for HIV-infected patients receiving concomitant RIF continues to be debated because available data are conflicting. Traditional pharmacokinetic (PK) studies enrolling healthy volunteers in the United States combined with limited data from patients coinfected with HIV and tuberculosis have demonstrated a 30% decrease in plasma EFV area under the concentration time curve (AUC) with RIF coadministration [16] [17] [18] . In contrast, several larger, population-based studies in patients from primarily resource-limited settings indicate either that there is no effect of RIF on EFV concentrations [7, 19] or that RIF coadminstration increases EFV concentrations in African patients [20, 21] . Focusing on intensive PK data gathered primarily in developed settings, the US Food and Drug Administration (FDA) recently approved a revised EFV package insert to recommend that EFV be increased from a standard daily dose of 600 mg to 800 mg for patients taking concomitant RIF who weigh >50 kilograms [22] , whereas the British HIV/tuberculosis treatment guidelines recommend EFV dose increase for those weighing >60 kg [23] . In contrast, based on clinical trial and observational data, the World Health Organization does not recommend increased EFV dosing based on weight in tuberculosis patients [4, 24] . Determining the appropriate dosing of EFV during tuberculosis treatment is essential because very high EFV concentrations may increase drug-related toxicity, while very low EFV concentrations may result in treatment failure with emergence of drug-resistant HIV [25, 26] .
To evaluate the relationship between weight, EFV concentrations, and HIV RNA suppression, we conducted a populationbased pharmacokinetic analysis in the STRIDE (A Strategy Study of Immediate Versus Deferred Initiation of Antiretroviral Therapy for AIDS Disease-Free Survival in HIV-Infected Persons Treated for Tuberculosis with CD4 < 250 Cells/mm 3 ) study participants. The STRIDE study (A5221) was an openlabel, randomized study comparing ART started earlier (within 2 weeks of tuberculosis treatment initiation) versus later (8) (9) (10) (11) (12) weeks after tuberculosis treatment initiation) in HIV-infected participants receiving RIF-based tuberculosis treatment [2] . The impact of weight ≥50 kg and ≥60 kg on EFV concentrations was evaluated, given the differing weight cutoffs for recommended EFV dose [22, 23, 27] .
METHODS

Study Population
The STRIDE study enrolled HIV-infected ART-naive participants with CD4 + cell counts <250 cells/mm 3 who had confirmed or probable tuberculosis and randomized them to early ART initiation (within 2 weeks of tuberculosis treatment start) versus delayed ART initiation (between 8 and 12 weeks of tuberculosis treatment start). All eligibility criteria for the STRIDE study are described in detail elsewhere [2] . The current PK study population consisted of STRIDE participants with 1 or more EFV C min values available for analysis. Participants received 600 mg of EFV daily (Stocrin, donated by Merck), with no dose adjustment for weight and a fixed-dose combination of emtricitabine 200 mg daily and tenofovir disoproxil fumarate 300 mg daily (Truvada, donated by Gilead Sciences). The study protocol was approved by institutional review board or ethics committee at each participating site. The National Institutes of Health funded this study and provided study oversight.
Study Evaluations
Single-trough EFV concentrations (C min ) were measured at ART treatment weeks 4, 8, 16, and 24, and at weeks 4 and 8 after the discontinuation of RIF. C min was obtained 20-28 hours after EFV administration in participants with self-report of no missed EFV or RIF doses (when on RIF) for the prior 3 days. Fasting was not required; however, EFV dosing was recommended on an empty stomach. EFV was measured using a validated high-performance liquid chromatography methodology with a lower limit of quantitation of 0.1 µg/mL [28] . Therapeutic EFV levels were prespecified as ≥1 µg/mL and supratherapeutic levels as >4 µg/mL. Plasma HIV-1 RNA (Roche Amplicor assay) had a lower limit of detection of 400 copies/mL.
Statistical Analysis
HIV virologic suppression was defined as participants with plasma HIV RNA <400 copies/mL at study week 48, with those missing week 48 RNA, lost to follow-up, dead, or with RNA >400 were classified as not virologically suppressed. On-RIF and/or off-RIF EFV C min values were available from participants at multiple timepoints. Primary PK endpoints were within-participant averages of EFV C min values at all available on-RIF and off-RIF collections; however, some comparisons are presented as week-specific C min values. Continuous variables were summarized using the median and first and third quartiles (IQR). Between-group comparisons of continuous endpoints used Wilcoxon rank-sum tests (signed-rank for paired data), and percents used Pearson χ 2 test (Fisher exact test for small sample). Logistic regression was used to evaluate predictors of binary outcomes. All tests and confidence intervals (CIs) were 2-sided with a 5% type 1 error rate.
RESULTS
From July 2007 through June 2010, 543 STRIDE participants took part in the PK study by contributing 1 or more EFV C min concentrations; 505 with on-RIF values, and 362 with off-RIF values. Of PK study participants, 63% were male, median age 34 (IQR, 29-41), 74% black, 20% Hispanic, 5% non-Hispanic white, and 1% Asian (see Table 1 ). Seventy percent of participants were enrolled from sub-Saharan Africa, 25% from South America (Brazil and Peru), 3% from Haiti, and 1% each from Thailand and the United States, with a total of 11 countries represented. Median weight was 52. 
EFV Exposure During and After RIF Administration
Median EFV C min concentration (ie, within-participant average) on-RIF was 1.96 µg/mL (IQR, 1.24-3.79 µg/mL), which was not significantly different from 1.80 µg/mL (IQR, 1.26-2.63 µg/mL) off-RIF (P = .067). At least 1 on-RIF and 1 off-RIF concentration was available for 324 participants. For these participants, the median within-participant difference in EFV concentration, on-RIF minus off-RIF, was 0.12 µg/mL (IQR, −0.29 to 0.97 µg/mL; range, −8.89 to 24.33 µg/mL; Wilcoxon signed-rank P < .001). These participants were divided into quintiles based on their off-RIF EFV concentrations to evaluate the impact of rifampin coadministration across the spectrum of EFV exposure and metabolizer phenotypes ( Figure 1 ). In all but the middle quartile, on versus off withinparticipant differences were significant, with on-RIF concentrations higher than off-RIF concentrations. When restricted to the 91 participants with both week 24 (on-RIF) and week 8 (off-RIF), medians of week-specific EFV C min values were 1.81 µg/mL (on-RIF) versus 1.70 µg/mL (off-RIF); in a paired analysis, the median within-participant difference was 0.16 µg/mL (IQR, -0.36 to 1.07 µg/mL; Wilcoxon signed-rank P = .012). EFV concentrations were similar at week 4 (1.79 µg/mL) compared to week 8 (1.80 µg/mL) after RIF discontinuation.
Black participants had significantly higher median EFV C min on-RIF compared to off-RIF (2.08 versus 1.75 µg/mL, P = .005). Conversely, there was a trend toward lower EFV concentrations on-RIF versus off-RIF in Hispanic and white participants ( Figure 2 ). On RIF, EFV C min was lower in those with baseline weight ≥60 kg versus <60 kg (1.68 versus 2.02 µg/mL, P = .021), with no significant difference in C min in those with weight ≥50 kg versus <50 kg (1.86 versus 2.08 µg/mL, P = .087).
Evaluating participants with at least 1 on-RIF and off-RIF EFV C min , female participants had significantly higher the median on-RIF EFV C min versus off-RIF (2.37 versus 1.83 µg/mL, P < .001) while in men, the difference in on-RIF versus off-RIF C min was not statistically significant (1.87 versus 1.75 µg/mL, P = .018). When stratifying by weight ≥60 kg versus <60 kg, female participants had higher EFV levels on-RIF versus off-RIF in both weight categories. Male participants had higher EFV C min on-RIF in those <60 kg but slightly higher EFV concentrations off-RIF in those ≥60 kg.
EFV Levels Outside the Therapeutic Range
One or more time points with EFV C min <1 µg/mL occurred in 27.3% of participants during RIF coadministration versus 26.2% off-RIF (P = .723). Weight ≥50 kg was associated with a trend toward having all available EFV C min <1 µg/mL (13.6% versus 8.1%, P = .07), but not with having 1 or more EFV C min <1 µg/mL (29.5% vs 33%, P = .4). Weight ≥60 kg was significantly associated with having all available EFV trough concentrations <1 µg/mL (17.5% vs 9.9%, P = .023), but not with having 1 or more EFV C min <1 µg/mL (30.8% versus 26.2%, P = .324). A total of 19.6% (99/505) of participants had all available EFV levels above the therapeutic range (>4 µg/mL) during RIF coadminstration versus 18.8% (68/362) off-RIF (P = .763). However, a significantly higher proportion of black participants had all available EFV C min >4 µg/mL compared to whites or Hispanics, both during RIF coadminstration (22.9% versus 3.9% vs 12.3%, respectively, P = .004) and off-RIF (20.8% versus 0.0% vs 15.8%, P = .090).
EFV Exposure Association With Toxicity
Of the PK study participants, 6 of 543 (1.1%) discontinued EFV and replaced it with an alternate ART agent due to toxicity of any grade attributed to EFV; 1 of 6 toxicity changes was due to neuropsychiatric events, assessed by patient self-report and nursing evaluation. No formal neuropsychiatric scale or structured testing was administered. Neither any nor all EFV C min values >4 µg/mL were associated with EFV discontinuation. Forty-six of 780 (5.9%) STRIDE participants who initiated EFV experienced grade 3 or 4 neuropsychiatric adverse events. EFV C min >4 µg/mL was not significantly associated with occurrence of grade 3 or higher neurologic adverse events.
HIV Virologic Suppression
Of the 780 STRIDE participants who received EFV-based ART, 75.8% had HIV RNA <400 copies/mL at study week 48. A higher proportion of participants weighing ≥60 kg attained week 48 HIV suppression than those <60 kg (81.9% vs 73.8%, respectively; P = .023), with no significant difference in HIV suppression in those weighing ≥50 kg versus <50 kg (77.5% versus 72.6%, respectively; P = .121; Figure 3 ). When restricted to the 505 participants with EFV C min available on-RIF, the findings were similar, with 80.4% attaining RNA suppression at week 48, and a comparable proportion of those weighing ≥60 attaining suppression compared to <60 kg (85.0% vs 79.0%, P = .146). In univariate logistic regression, virologic suppression was associated with higher on-RIF EFV C min when expressed on the log scale, where differences at the lower end of the scale are emphasized (odds ratio ). Using backward elimination in multivariate models, EFV C min and weight were jointly statistically significant; BMI was not significant when EFV C min was in the model. To take into account weight gain during study, weight ≥60 kg at study week 48 was associated with 90.1% suppression, compared weight <60 kg with 84.1% (P = .046). Having any or all on-RIF EFV C min <1 μg/mL was associated with lower likelihood of virologic suppression: OR, 0.57 (95% CI, .36-.91) and OR, 0.49 (95% CI, .26-.91), respectively.
DISCUSSION
This study demonstrates that coadministration of EFV with RIF-based multidrug tuberculosis treatment in HIV/tuberculosiscoinfected patients did not lead to a reduction of EFV concentrations, compared to EFV levels in the absence of RIF, but rather was associated with a trend toward increased EFV exposures. Notably, in black participants, EFV C min was statistically significantly higher during RIF administration, compared to EFV C min after RIF discontinuation; a finding also found for patients with drug measurements available for all requested PK study visits. This paradoxical increase in EFV concentrations with concomitant RIF as part of multidrug tuberculosis therapy had previously been reported in black patients [18, 19] . RIF given with isoniazid and other antituberculosis agents appears to reduce EFV clearance [21] , particularly in patients exhibiting CYP2B6 genetic polymorphisms associated with slow efavirenz metabolism (ie, CYP2B6 516 G → T) [20] . Interestingly, as demonstrated in Figure 1 , the increase in EFV levels on-RIF was most pronounced in patients with the highest EFV concentrations when EFV was Figure 2 . Comparison of on-and off-rifampin (RIF) efavirenz (EFV) trough concentrations (C min ) by race/ethnicity and by weight. On-RIF (closed triangle, solid line) and off-RIF (closed circle, dashed line) participant-specific mean EFV C min are presented as medians and 95% confidence intervals (CIs) around the medians. Data from 324 participants with both on-and off-RIF EFV C min values are plotted. The median within-participant on-RIF versus off-RIF EFV C min difference, number of participants contributing to each CI and a Wilcoxon signed-rank P value is shown. *Statistically significant difference (P ≤ 0.05). Two Asian male participants were omitted from the by-race/ethnicity comparison. Horizontal dashed lines at 1 and 4 µg/mL mark the commonly cited thresholds for sub-and supraoptimal EFV C min . Abbreviation: RIF, rifampin.
given alone (slow metabolizers). Patients characterized as slow metabolizers may be the most susceptible to paradoxical increases in EFV exposure with RIF coadministration due to possible metabolic inhibition of alternate metabolic pathways including CYP2A6 by isoniazid [14, 15, 20, 21] . CYP2B6 genotyping for the STRIDE pharmacokinetic substudy participants is planned for future analysis.
In our study, weight ≥60 kg at study entry was associated with lower on-RIF EFV concentrations with a higher proportion of patients (18%) exhibiting EFV troughs consistently <1 µg/mL. However, of participants weighing ≥60 kg, 69% still attained EFV concentrations ≥1 µg/mL for all measured time points. Importantly, weight ≥50 or ≥60 kg was not associated with decreased ART efficacy as measured by virologic suppression, suggesting that higher weight does not jeopardize EFV efficacy when coadministered with RIF, even in the context of lower EFV concentrations for some patients. To the contrary, baseline weight ≥60 kg was associated with significantly increased HIV RNA suppression compared to weight <60 kg; a finding potentially explained in that higher weight corresponds with less advanced HIV/tuberculosis disease and better nutritional status, 2 factors associated with better clinical outcomes with ART [29] [30] [31] The current EFV package insert recommends weight-based EFV dosing, with an increase to 800 mg for patients weighing >50 kg and taking RIF. These recommendations largely stem from intensive PK evaluations carried out in healthy volunteers or small numbers of HIV/tuberculosis-coinfected patients from European settings. The STRIDE PK data, representing 543 coinfected patients from 4 continents, do not support this recommendation, nor does the growing body of literature demonstrating excellent clinical outcomes with standard 600 mg daily EFV dosing in RIF-treated tuberculosis patients [32] [33] [34] [35] , equivalent to outcomes attained in EFV-treated patients without tuberculosis [7, 36] . Furthermore, several studies comparing EFV 600 mg to 800 mg daily in the setting of RIF-based tuberculosis treatment have not demonstrated a virologic benefit in terms of improved HIV RNA suppression with EFV 800 mg [37, 38] .
The recommended weight-based dose increase of EFV has 2 important potential downsides. First, although not seen in this study, EFV concentrations >4 µg/mL have been associated with increased central nervous system toxicity in several studies [6, 7, 39] , as has EFV dosing of 800 mg daily [40] . Therefore, weight-based dosing may increase the risk of EFV toxicity without improving clinical outcomes. Second, weightbased dosing will increase the complexity of ART provision for tuberculosis patients as well as the cost, a critical consideration for resource-limited programs that are already burdened by the challenges to provide integrated care for HIV/tuberculosiscoinfected patients and for prompt initiation of ART in patients with tuberculosis. This study was conducted in a population that was 74% black and 20% Hispanic, with only 5% white participants, limiting the ability to address the impact of RIF coadminstration with EFV in white populations. However, in the United States, in 2010, 85% of tuberculosis cases overall occurred in nonwhite populations [41] , and globally HIV prevalence in new tuberculosis infection is highest in regions of sub-Saharan Africa, South America, and Southeast Asia, regions with substantial non-white populations [42] . Thus, it is important to evaluate EFV efficacy in RIF-treated tuberculosis patients from different racial and ethnic backgrounds.
This was a population PK analysis with sparse sampling, with not all STRIDE participants providing EFV C min at all timepoints. Participants were not required to be fasting for EFV C min evaluations; however, the median time from last meal was 3.45 hours (IQR = 2.25, 5.33; n = 1847 PK visits) indicating that EFV was taken on an empty stomach by the majority of participants. Adherence to EFV and RIF in the 3 days prior to PK collection was by self-report. However, a substantial number of participants (543) provided at least 1 EFV C min , and 91 provided samples at the last on-and off-RIF PK evaluations. Restricting the analysis to participants who provided all required PK analyses did not alter the study results. Although this PK analysis was not conducted in a strictly controlled inpatient environment with multiple samples per participant, the study provides important insight on the real-world impact of RIF coadministration on both EFV levels and HIV RNA suppression in a large number of HIV/tuberculosis-coinfected patients from diverse geographic settings. To date, the data used to inform the US package labeling on EFV dosing in tuberculosis coinfection comes from healthy volunteers and a very limited number of HIV-tuberculosis coinfected patients [43] .
In conclusion, this study demonstrates that EFV-based ART, with standard EFV dosing, can be coadministered with rifampin with excellent HIV RNA outcomes, including in patients weighing >50 kg at baseline. EFV levels were paradoxically increased during rifampin coadminstration in this mostly nonwhite population. These data do not support weight-based dose increase of EFV during rifampin-based tuberculosis treatment.
Notes
